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CHAPTER 1: INTRODUCTION 
1.1 Growth of Wind-based Power Generation  
The fluctuating global fuel prices, concerns with the depleting fossil fuel reserves 
and apprehension relating to climate change has resulted in an increasing focus on 
renewable sources to satisfy rising global energy requirements. Amongst the available 
renewable sources of energy wind and hydro are the most feasible for utility scale power 
generation. With a majority of the hydro reserves around the world reaching the maximum 
capacity in terms of available power there is an increasing shift towards wind power 
generation to satisfy the need of a clean renewable source [1], [2]. The year 2008 was a 
record year for wind generation in the United States with a total increase of 8,360 MW 
which is 50% of the total wind capacity at the end of 2007 [3]. Wind energy accounted for 
42% of the total new capacity added. In 2008, the United States overtook Germany to 
become the country with the largest installed wind power capacity in the world. The total 
wind power capacity of the United States is at 25,170 MW [4]. 
Federal policy in the form of production tax credits and state regulations in the 
form of renewable portfolio standards (RPS) [5] have contributed to encouraging the 
development of wind generation in the United States [6]. Over 25 states have accepted RPS 
by requiring a substantial contribution from renewable sources of energy to their power 
generation portfolio [7]. 
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1.2 Wind Generation Technologies 
There are two major classifications amongst wind generation units: fixed speed 
generation and variable speed generation [8]. The fixed speed generators have a design 
speed for which they have maximum efficiency whereas for other speeds their efficiency is 
lower. But variable speed generators have the maximum power tracking capability that 
extracts maximum available power out of the wind at different speeds thereby resulting in 
more efficient operation. Also the variable speed generators reduce mechanical stresses on 
the turbine thus increasing the lifetime of the turbine. It also helps damp out oscillations in 
torques more efficiently. Thus variable speed generators are more commonly installed. 
Amongst the variable speed generators there are two major kinds, synchronous 
generators with direct power electronic converters and doubly fed induction generators with 
rotor side power electronic converters. Both have the above mentioned advantages of 
variable speed generators but the power electronic ratings of the two machines are different. 
In a doubly fed induction generator the power electronic converter has a rating of about 30% 
of the machine rating whereas for the synchronous generator the rating of the power 
electronic converter is the same as machine rating thereby resulting in higher costs. Thus 
DFIGs are the preferred choice for installation. 
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1.3  Doubly-Fed Induction Generators 
The Doubly Fed Induction Machine is shown in figure 2[9]. It consists of a wind 
turbine that is connected via a gear train to the rotor shaft of the induction generator. The 
rotor terminals of the induction machine are connected to the four-quadrant power electronic 
converter capable of both supplying real/reactive power from the grid to the rotor as well as 
supplying power from the rotor to the grid [5]. The converter consists of two separate 
devices with different functions, the generator side converter and the grid side converter. 
The generator side converter controls the real and reactive power output of the machine and 
the grid side converter maintains the DC link voltage at its set point. These converters are 
controlled respectively by the Generator side controller and the Grid side controller. The 
DFIG also has a wind turbine control that maximizes the power output from the turbine via 
pitch control and sends this computed maximum power output 𝑃𝑔𝑟𝑖𝑑
𝑐𝑜𝑛𝑣 ,𝑟𝑒𝑓
 to the converter.  
The Power electronic converter is connected to the grid via a transformer that 
steps up the voltage to the grid. The stator side of the induction generator is also connected 
to the grid via a step up transformer. The point of interconnection with the grid is the point 
used to measure the active and reactive power output of the wind farm. In case the system 
reliability requires that additional reactive power be injected a STATCOM may be 
connected at this point of interconnection. 
4 
 
 
Figure 1: Schematic of a Doubly Fed Induction Generator [9] 
The doubly fed Induction generator consists of a three phase induction generator 
with three phase windings on the rotor. The rotor is connected to a converter which supplies 
power to the rotor via the slip rings. The power electronic converter is capable of handling 
power flow in both directions which permits the DFIG to operate at both sub synchronous 
and super synchronous speeds. The DFIG produces controlled voltage 𝑉1 at grid frequency 
𝑓1 at the stator and variable voltage 𝑉2 is provided at the rotor at variable frequency𝑓2. The 
frequency of the rotor depends on the angular velocity of the rotor which in turn depends on 
the wind speed. Let 𝑓𝑟  be the electrical frequency of revolution of the rotor. The following 
relation holds between the various frequencies: 
                 𝑓𝑟 =  𝑓1 ±  𝑓2                                                                  (1) 
The positive sign above is for the super synchronous operation where rotor speed 
exceeds rated speed and negative sign is for sub synchronous operation when rotor speed is 
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less than rated speed. At super synchronous speed the phase sequence of the rotor currents is 
the same as the stator and power is supplied from the rotor to the grid. In the sub 
synchronous operation power is drawn by the rotor from the grid and the phase sequence of 
rotor currents is opposite to the phase sequence of the stator currents. 
The steady state operation of the DFIG is only restricted by the converter ratings 
of the rotor side converter. The maximum power rating of the rotor side converter (𝑃𝑚𝑎𝑥 ) is 
generally 25%-30% of the Induction machine ratings. Thus if the converter is operated such 
that all magnetizing power is provided by the stator, the maximum rotor power 
supplied/absorbed is 𝑃𝑚𝑎𝑥 , and the maximum magnitude of slip for operation is given by  
  𝑠𝑚𝑎𝑥 =  
𝑃𝑚𝑎𝑥
𝑃𝑟𝑎𝑡𝑒𝑑
                                                                    (2) 
Where, 𝑃𝑟𝑎𝑡𝑒𝑑  is the rated power output of the DFIG.  
This means that the DFIG can provide an operating range of 75% to 125% of the 
rated wind speed. Also the pitch control with maximum power tracking allows the DFIG to 
produce maximum power at different wind speeds thus increasing overall efficiency of the 
unit. 
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1.3.1 Control of a Doubly Fed Induction Generator 
The space phasor equivalent circuit of a DFIG is given below: 
 
Figure 2 : Space Phasor Equivalent Circuit [9] 
Considering a synchronously rotating reference frame with 𝜔 =  𝜔1 , and 
converting to time domain, the following equations are obtained: 
𝐼𝑠𝑅𝑠 +  𝑉𝑠  =  −   
𝑑
𝑑𝑡
 𝛹𝑠 –  𝑗𝜔 𝛹𝑠                                                      (3) 
  𝐼𝑟  𝑅𝑟  + 𝑉𝑟   =  −  
𝑑
𝑑𝑡
𝛹𝑟    −  𝑗(𝜔 –  𝜔𝑟) 𝛹𝑟                                              (4)  
1.3.2 Control of Generator Side Converter 
Now the stator flux is more or less constant and thus is assumed to be a constant. 
It is also assumed that saturation does not occur. Also stator resistance is negligible and 
hence the stator resistance is assumed to be zero. Now we select the d-q axis such that the 
stator flux  𝛹𝑠   is along the d axis. Therefore 𝛹𝑞 = 0. Also since we assume that 𝛹𝑑  is 
constant  
𝑑
𝑑𝑡
 𝛹𝑑  = 0. Now using these values in the stator equation of (3) we obtain:  
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𝑉𝑑 =  0                         (5)                                                    
𝑉𝑞 =  − 𝜔1  𝛹𝑑                                              (6) 
Now, rearranging the stator flux equation to obtain 𝐼𝑠 in terms of the other 
values: 
𝐼𝑠  =  𝛹𝑠    −  
𝐿𝑚
𝐿𝑠
  𝐼𝑟                                                (7) 
Where  𝐿𝑠  =   𝐿𝑠𝑙  +  𝐿𝑚  
Now power delivered at stator is given by: 
𝑆𝑠  = 𝑉𝑠  ∗  𝐼𝑠                                                                                  (8) 
Thus,  
𝑃𝑠   =  
3
2
 (𝑉𝑑𝐼𝑑 +  𝑉𝑞𝐼𝑞)  =  
3
2
 𝑉𝑞𝐼𝑞   =  
3
2
 𝜔1𝛹𝑑  
𝐿𝑚
𝐿𝑠
  𝐼𝑞𝑟                (9)  
                           𝑄𝑠  =  
3
2
 (𝑉𝑑𝐼𝑞  − 𝑉𝑞  𝐼𝑑)  =  −  
3
2
 𝑉𝑞𝐼𝑑  =  
3
2
 𝜔1  𝛹𝑑   ( 𝛹𝑑   −
𝐿𝑚
𝐿𝑠
  𝐼𝑑𝑟   )             (10) 
From the above equation it is observed that 𝑃𝑠  can be controlled by the 𝐼𝑞𝑟   
component and the 𝑄𝑠component can be controlled by the 𝐼𝑑𝑟   component, assuming the 
stator flux is constant. Thus the appropriate control can be applied to the rotor side converter 
to obtain the required 𝐼𝑑𝑟  and 𝐼𝑞𝑟  for the set point 𝑃𝑠 and 𝑄𝑠  values. This is the decoupled 
control of the active and reactive power in a DFIG. 
1.3.3 Control of Grid Side Converter 
The objective of the supply side converter is to maintain the DC link voltage at its 
set point value irrespective of the flow direction of power to the rotor. The supply side 
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converter maintains the DC link voltage constant irrespective to direction of rotor current 
and draws a sinusoidal current from the supply. The real power drawn from the supply 
maintains the DC link voltage at a constant value and this is controlled by the idc component 
of the supply current drawn and the 𝑖𝑞𝑐  component provides the requisite reactive power. 
For operation in which all reactive power is obtained from the stator side iqc is set to 0.  
1.3.4 Summary of DFIG Controls 
 The rotor side converter controls the rotor currents to obtain the required 
real and reactive power outputs at the stator side. The real power setting is usually obtained 
using a maximum power tracking scheme [8]. The reactive power setting can vary 
depending on the control mode of the DFIG. The two popular control modes are: 
Power Factor Control  
Voltage Control  
In the power factor control mode the stator real and reactive power are controlled 
so as to maintain a constant power factor at the point of interconnection. In the voltage 
control mode the reactive power is controlled to maintain the voltage at the Point of 
Interconnection to a fixed value.  
The grid side converter is usually set at unity power factor.  
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CHAPTER 2: IMPACT OF DFIG CAPABILITY CURVE ON 
STEADY STATE OPERATION  
2.1 Reactive Power Requirements in a Power System 
A majority of the newly installed wind generation consists of doubly fed 
induction generators (DFIG) [10]. As more units start coming online, increasing levels of 
wind penetration has generated a widespread concern over its impact on power system 
performance. There are primarily two reasons for such a concern, the variability of wind and 
the nature of the generator which is different from conventional units [11]. The effect of 
high wind penetration levels on system performance becomes critical in the planning of 
future units and to accomplish the requirements of the various states RPS.  
The precise modeling of DFIG units is important for both static and dynamic 
analysis of power system performance [1]. To accurately assess the stability of a system and 
to prevent voltage violations, computation of available reactive power in the system is 
essential [12]. Reactive power is essential for the stable operation of the power system. It 
facilitates flow of active power from generation sources to load centers [13]-[15] and 
maintains bus voltages within prescribed limits [16]. Stable operation of power systems 
requires the availability of sufficient reactive generation [17]. Both static and dynamic 
reactive power sources play an important role in voltage stability [18], [19].  
Traditional wind generation units consisting of Simply Fed induction generators 
(SFIG) do not allow for reactive support, but on the contrary are reactive power consumers. 
To mitigate this reactive demand SFIG wind parks are typically equipped with external 
sources of reactive power. Static sources like shunt capacitors are relatively inexpensive 
10 
 
compared to dynamic resources such as SVCs [20]. In contrast newer wind parks consisting 
of DFIG units have reactive power capability [21]. The presence of power electronic 
controls in DFIGs makes them a fast acting dynamic reactive resource as compared to direct 
grid connected synchronous generators [22] used in conventional power plants. This allows 
for voltage control and reactive power regulation of the wind park [23], [24].  
In 2005, FERC orders 661 and 661A [25], [26] were released which mandate the 
interconnection requirements for large wind parks over 20MW. According to this order, a 
key requirement for plant operation is that the power factor at the point of interconnection 
(POI) must remain between 0.95 leading and 0.95 lagging. Reference [26] states that the 
reason for this ruling is that reactive power capability for a wind plant is a significant 
additional cost compared to conventional units which possess inherent reactive capability. 
Imposing this power factor restriction limits the performance of DFIG wind parks. 
As penetration levels continue to increase the impact from the loss in performance translates 
into higher operating costs. This work demonstrates that utilization of the capability curve 
can lead to improved system performance. This will also reduce the amount of committed 
conventional reactive reserve. The FERC order 661-A gives general guidelines for 
interconnecting wind parks, but for specific parks employing DFIG units the restriction on 
power factor can be lifted because additional performance may be obtained at no extra cost 
to the wind farm owner. 
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2.2  Capability Curve of a DFIG Machine 
2.2.1 Reactive Capability Limitations 
The reactive power capability of any generation unit on the power system is 
essential in studying long term stability and voltage stability. Traditional synchronous 
generators have limitations in terms of maximum current and heating of the machine. The 
active power of the machine is limited by the prime mover capability. The reactive current 
output capability is dependent on the armature current limit, field current limit and heating 
limit of the coils. The armature current limit is the maximum temperature limit on the stator 
winding coils. Similarly, the field current limit is the maximum temperature limit on the 
field coil. Thus, the reactive capability of the synchronous generator depends on the 
machine limitations. 
A Doubly Fed Induction Generator (DFIG) has advantages over the Singly Fed 
Induction Generator in its inherent capability to handle variable wind speed.  The rotor side 
converter injects currents and voltages according to various wind speeds.  The following 
figure indicates the variation in power output of a DFIG with respect to the wind velocity. It 
also indicates the variation in rotor slip with wind speed. This figure can be used to 
determine the rotor slip at different power output levels.  
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Figure 3: Maximum Power Tracking Scheme 
The DFIG exchanges power through both the rotor and the stator. Majority of the 
power is passed through the stator, and a fraction of the power is passed through the rotor 
and the power converter. To determine the reactive power limits the electromechanical 
characteristics of the generator and the power converter have to be taken into consideration. 
Since the DFIG is a variable speed machine the rotor speed and the slip play an important 
role.  The three limiting parameters for the reactive power capability of the DFIG are stator 
current, rotor current and rotor voltage [27]. The stator voltage is given by the grid, and is 
not influenced by the wind turbine design. The stator current limit depends on the generator 
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design, whereas the rotor voltage and rotor current limits depend on generator as well as 
power converter designs. The rotor voltage limitation is essential for the rotor speed 
interval, because the required rotor voltage to provide a certain field is directly proportional 
to the slip. Thus, the possible rotor speed is limited by the possible rotor voltage.   
Figure 4 gives the T-equivalent of a Doubly Fed Induction Generator [27]. The 
equations describing the T model are given below. All variables are referred to the stator 
side.  
    𝑅𝑠 + 𝑗𝑋𝑠 . 𝐼𝑠 +  𝑗𝑋𝑚 𝐼𝑠 + 𝐼𝑟 = 𝑉𝑠         (11) 
    
𝑅𝑟
𝑠
+ 𝑋𝑟 𝐼𝑟 +  𝑗 𝑋𝑚 𝐼𝑠 + 𝐼𝑟 =  
𝑉𝑟
𝑠
          (12) 
 
Figure 4: T- Equivalent Circuit of DFIG [27] 
The rotor resistance and voltage can be divided into two components- Mechanical 
power and rotor loss. The mechanical power is represented in the following equation. 
   𝑃𝑚𝑒𝑐 𝑕 = 𝑅𝑒  𝑉𝑟  
1
𝑠
− 1 𝐼𝑟
∗ − 𝐼𝑟𝐼𝑟
∗𝑅𝑟  
1
𝑠
− 1         (13) 
The division of power is reflected in the following figure. 
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Figure 5 : T- Equivalent Circuit with Mechanical Power [27] 
 
The power exchange in the above figure 5 [27] is considered positive coming out 
of the generator and rotor. Thus, the apparent stator and rotor powers are represented as: 
𝑆𝑠 = −𝑉𝑠𝐼𝑠
∗             (14) 
  𝑆𝑟 = −𝑉𝑟𝐼𝑟
∗                          (15) 
The power delivered to the grid is given by the sum of the power delivered by the 
stator and the grid side converter. The grid side converter passes the real power 
delivered/absorbed through the rotor. Normally the grid side converter is set to operate at 
unity power factor. Hence the total power delivered to the grid can be given as: 
𝑆𝑡𝑜𝑡 = 𝑆𝑠 + 𝑅𝑒 𝑆𝑟 − 𝑆𝑙𝑜𝑠𝑠              (16) 
In the above equation 𝑆𝑙𝑜𝑠𝑠  consists of active and reactive losses in the generator 
and the converters. 
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2.2.2 Two-Port Parameters 
The T-model for the Doubly Fed Induction Generator is represented in a two-port 
model to investigate the influence of the stator current, rotor current and rotor voltage on the 
reactive power capability.  
 
Figure 6 : Two Port Equivalent of DFIG [27] 
The above figure 6 [27] demonstrates the two port model. The following three 
equations describe the different correlations between the apparent power delivered to the 
grid and the rotor voltage, rotor current and the stator current respectively. 
 
𝐼𝑠
𝐼𝑟
 = 𝑌.  
𝑉𝑠
𝑉𝑟
𝑠               (17) 
 
𝐼𝑠
𝑉𝑟
𝑠  = 𝐺.  
𝑉𝑠
𝐼𝑟
              (18) 
 
𝑉𝑟
𝑠 
−𝐼𝑟
 = 𝐵.  
𝑉𝑠
𝐼𝑠
            (19) 
The Y, G and B matrices are derived from the Z matrix. The Z matrix for the 
given 2 port system is 
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𝑉𝑠
𝐼𝑠
 = 𝑍.  
𝑉𝑟
𝑠 
𝐼𝑟
              (20) 
Where,  𝑍 =   
𝑍𝑠 + 𝑍𝑚 𝑍𝑚
𝑍𝑚 𝑍𝑟 + 𝑍𝑚
             (21) 
For a standard system:  
   𝑍 =   
𝑍11 𝑍12
𝑍21 𝑍22
             (22) 
𝑌 =  𝑍−1 =  
1
det ⁡(𝑍)
 
𝑍22 −𝑍12
−𝑍21 𝑍11
          (23) 
For the two port system being considered, this equation transforms to: 
𝑌 =  
 
 
 
 
 
𝑍𝑟 + 𝑍𝑚
det⁡(𝑍) 
−𝑍𝑚
det⁡(𝑍) 
−𝑍𝑚
det⁡(𝑍) 
𝑍𝑠 + 𝑍𝑚
det⁡(𝑍) 
 
 
 
 
 
         (24) 
For a standard two port system the G matrix is given by: 
𝐺 =   
1
𝑍11
 
1 −𝑍12
𝑍21 det⁡(𝑍)
            (25) 
For the DFIG two-port representation: 
𝐺 =  
 
 
 
 
 
1
𝑍𝑠 + 𝑍𝑚
 
−𝑍𝑚
𝑍𝑠 + 𝑍𝑚
 
𝑍𝑚
𝑍𝑠 + 𝑍𝑚
 
 𝑍𝑟 + 𝑍𝑠 𝑍𝑚 + 𝑍𝑠𝑍𝑟
𝑍𝑠 + 𝑍𝑚
 
 
 
 
 
 
       (26) 
For a standard two port system the B matrix is given by:  
𝐵 =   
1
𝑍12
 
𝑍22 −det⁡(𝑍)
−1 𝑍11
            (27) 
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For the DFIG two-port representation: 
𝐵 =  
 
 
 
 
 
𝑍𝑟 + 𝑍𝑚
𝑍𝑚
 
−( 𝑍𝑟 + 𝑍𝑠 𝑍𝑚 + 𝑍𝑠𝑍𝑟)
𝑍𝑚
 
−1
𝑍𝑚
 
𝑍𝑠 + 𝑍𝑚
𝑍𝑚
 
 
 
 
 
 
                  (28) 
2.2.3 Rotor Current Limitation  
To determine the reactive limits of a DFIG as a function of the rotor current, the 
PQ diagram is obtained by fixing the rotor current at its rated value and then varying the 
angle. By using the equation (18), the stator current can be represented in terms of the rotor 
current as: 
𝐼𝑠 =  𝐺11𝑉𝑠 + 𝐺12𝐼𝑟             (29) 
𝐼𝑠 =   
𝑉𝑠−𝑍𝑚 𝐼𝑟
𝑍𝑠+𝑍𝑚
             (30) 
The apparent power at the stator as a function of the rotor current (𝑆𝑠_𝐼𝑟 ) is given 
by the following equation. 
𝑆𝑠_𝐼𝑟 = − 𝑉𝑠𝐼𝑠
∗            (31) 
𝑆𝑠_𝐼𝑟 =  −𝑉𝑠  
𝑉𝑠−𝑍𝑚 𝐼𝑟
𝑍𝑠+𝑍𝑚
 
∗
           (32) 
𝑆𝑠_𝐼𝑟 =  −𝑉𝑠  
𝑉𝑠−𝑍𝑚 𝐼𝑟
𝑍𝑠+𝑍𝑚
 
∗
           (33) 
The above equation is divided into two sections to isolate the section dependent 
on the rotor current.  
𝑆𝑠_𝐼𝑟 = − 𝑉𝑠𝑉𝑠
∗  
1
𝑍𝑠+𝑍𝑚
 
∗
+  𝐼𝑟
∗𝑉𝑠  
𝑍𝑚
𝑍𝑠+𝑍𝑚
 
∗
         (34) 
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In the above equation, the first term is a constant since the stator voltage is 
assumed constant. The second term can be used to determine the reactive power limits by 
setting the magnitude of 𝐼𝑟  to its rated value and varying the angle. The equation for the 
stator apparent power can be represented as a circle with the center as 𝑐𝑠_𝐼𝑟  and a radius of 
magnitude 𝑟𝑠_𝐼𝑟 .  
𝑐𝑠_𝐼𝑟 = −  𝑉𝑠 
2  
1
𝑍𝑠+𝑍𝑚
 
∗
           (35) 
𝑟𝑠_𝐼𝑟 =  𝐼𝑟   𝑉𝑠  
𝑍𝑚
𝑍𝑠+𝑍𝑚
            (36) 
The power delivered to the grid is a combination of both stator and rotor powers. 
The rotor power component can be represented in terms of stator voltage and rotor current 
by replacing the rotor voltage equation from (18) and (26) in the rotor apparent power 
equation (15) 
𝑆𝑟_𝐼𝑟 = − 𝐺21𝑉𝑠 + 𝐺22𝐼𝑟   . 𝑠. 𝐼𝑟
∗          (37) 
𝑆𝑟_𝐼𝑟 =  
𝑍𝑚 𝑉𝑠+𝐼𝑟  𝑍𝑟+𝑍𝑠 𝑍𝑚 +𝑍𝑠𝑍𝑟 
𝑍𝑠+𝑍𝑚
 . 𝑠. 𝐼𝑟
∗          (38) 
𝑆𝑠_𝐼𝑟 =  −𝐼𝑟 . 𝐼𝑟
∗. 𝑠.
 𝑍𝑟+𝑍𝑠 𝑍𝑚 +𝑍𝑠𝑍𝑟
𝑍𝑠+𝑍𝑚
−  𝐼𝑟
∗. 𝑉𝑠 . 𝑠.  
𝑍𝑚
𝑍𝑠+𝑍𝑚
         (39) 
Since the grid side converter generally operates at unity power factor, the real 
power is of interest in the above equation. The first term is dominated by 𝑍𝑚  , and since 
𝑍𝑚  is purely imaginary the first term can be approximated as purely imaginary and thus 
constituting reactive power. By comparing the real parts of (39) and (34), the following 
approximation can be made: 
𝑃𝑟 =  −𝑠. 𝑃𝑠             (40) 
The total real and reactive power output of the DFIG is given by: 
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𝑃𝑡𝑜𝑡 = (1 − 𝑠). 𝑃𝑠            (41) 
𝑄𝑡𝑜𝑡 = 𝑄𝑠            (42) 
The equation for the stator apparent power from (35) and (36) can be represented 
as: 
 𝑃𝑠 − 𝑅𝑒(𝑐𝑠_𝐼𝑟 ) 
2
+   𝑄𝑠 − 𝐼𝑚(𝑐𝑠_𝐼𝑟 ) 
2
=   𝑟𝑠_𝐼𝑟 
2
        (43) 
 
𝑃𝑡𝑜𝑡
 1−𝑠 
− 𝑅𝑒(𝑐𝑠_𝐼𝑟 ) 
2
+   𝑄𝑡𝑜𝑡 − 𝐼𝑚(𝑐𝑠_𝐼𝑟 ) 
2
=   𝑟𝑠_𝐼𝑟 
2
         (44) 
Since  𝑍𝑚  is purely imaginary and when connected to a strong grid  𝑍𝑚  ≫  𝑍𝑠  , 
the real part of (35) is small, and can be equivalence to the magnetizing losses. Since the 
slip 𝑠 is also small, the product of the slip and the real part of 𝑐𝑠𝐼𝑟  is small and can be 
neglected. By making this assumption the equation (44) can be modified as given below. 
 
𝑃𝑡𝑜𝑡 −𝑅𝑒(𝑐𝑠𝐼𝑟 )
 1−𝑠 
 
2
+   𝑄𝑡𝑜𝑡 − 𝐼𝑚(𝑐𝑠𝐼𝑟 ) 
2
=   𝑟𝑠_𝐼𝑟 
2
          (45) 
The above equation is in the form of a standard ellipse and thus can easily be 
implemented for different values of slip. The assumption made in equation (45) and (41) 
will be utilized to determine the reactive power limits as a function of rotor voltage and 
stator current. With these assumptions it is sufficient to compute the stator side apparent 
power from equation (17) for the rotor voltage limitation. 
2.2.4 Rotor Voltage Limitation 
By using equation (17) the stator current can be represented in terms of the rotor 
voltage as: 
𝐼𝑠 =  𝑌11𝑉𝑠 + 𝑌12
𝑉𝑟
𝑠
            (46) 
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𝐼𝑠 =   
𝑉𝑠  𝑍𝑟+𝑍𝑚   −
𝑉𝑟
𝑠
𝑍𝑚
 𝑍𝑟+𝑍𝑠 𝑍𝑚 +𝑍𝑟𝑍𝑠
            (47) 
 
Using equation (47) in the stator apparent power equation (31) 
𝑆𝑠_𝑉𝑟 =  −𝑉𝑠  
𝑉𝑠  𝑍𝑟+𝑍𝑚   −
𝑉𝑟
𝑠
𝑍𝑚
 𝑍𝑟+𝑍𝑠 𝑍𝑚 +𝑍𝑟𝑍𝑠
 
∗
         (48) 
By dividing the above equation into two parts, a constant function of the stator 
voltage and a variable function of the rotor voltage and slip are obtained. The stator apparent 
power can be represented as a circle with a center and radius provided below 
𝑐𝑠_𝑉𝑟 = −  𝑉𝑠 
2  
 𝑍𝑟+𝑍𝑚  
 𝑍𝑟+𝑍𝑠 𝑍𝑚 +𝑍𝑟𝑍𝑠
 
∗
          (49) 
𝑟𝑠_𝑉𝑟 =  
𝑉𝑟
𝑠
  𝑉𝑠  
𝑍𝑚
 𝑍𝑟+𝑍𝑠 𝑍𝑚 +𝑍𝑟𝑍𝑠
           (50) 
By substituting the above values for center and radius in equation (45) the 
reactive power limits as a function of rotor voltage can be obtained. 
 
𝑃𝑡𝑜𝑡 −𝑅𝑒(𝑐𝑠_𝑉𝑟 )
 1−𝑠 
 
2
+   𝑄𝑡𝑜𝑡 − 𝐼𝑚(𝑐𝑠_𝑉𝑟 ) 
2
=   𝑟𝑠_𝑉𝑟 
2
       (51) 
2.2.5 Stator Current Limitation 
From equation (30) the stator apparent power is directly available as a function of 
stator current. The center is at the origin.  
   𝑐𝑠_𝐼𝑠 = 0             (52) 
𝑟𝑠_𝐼𝑠 =  𝐼𝑠  𝑉𝑠             (53) 
By substituting (52) and (53) in equation (45) the following equation is obtained. 
  
𝑃𝑡𝑜𝑡
 1−𝑠 
 
2
+   𝑄𝑡𝑜𝑡  
2 =   𝑟𝑠_𝐼𝑠 
2
          (54) 
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2.2.6 Combination of Limitations 
The capability curve is obtained by the most restrictive of the three limitations. 
For all the analysis a Doubly Fed Induction Generator with the following parameters is 
used. In addition to the above three limitations, the mechanical power limitation also exists. 
The mechanical power limitation is reflected in the slip. From figure 3 the corresponding 
Pmax for a given slip can be obtained.  
Table 1 : DFIG Wind Park Machine Simulation Parameters 
Machine Parameter Value 
Rated mechanical power 1.5 MW 
Rated generator power 1.3 MW 
Rated stator voltage 575 V 
Rotor to stator turns ratio 3 
Machine inertia 30 kgm
2 
Rotor inertia 610000 kgm
2
 
Inductance: mutual, stator, rotor 4.7351, 0.1107, 0.1193  p.u. 
Resistance: stator, rotor 0.0059, 0.0066  p.u. 
Number of poles 3 
Grid frequency 60 Hz 
Gearbox ratio 1:72 
Nominal rotor speed 16.67 rpm 
Rotor radius 42 m 
Maximum slip range +/- 30% 
 
At slip -0.25, the maximum power limit is hit. The figure 7 below demonstrates 
the various limitations on the reactive power capability. The most restricting value of 𝑄𝑚𝑎𝑥  
and 𝑄𝑚𝑖𝑛  is used to obtain the capability curve.  The maximum power tracking scheme in 
figure 3 is used to obtain the slips at 5%, 25%, 50%, 75% and 100% output levels. The 
following table summarizes the different slips at these output levels. 
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Table 2 Slip Levels corresponding to different power outputs 
Power Level Slip Value 
0% 0.25 
25% 0.12 
50% 0.03 
75% -0.08 
100% -0.25
 
 
 
Figure 7 : Comparison of the three limitations at slip = -0.25 
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2.2.7 Sensitivity of reactive capability to stator voltage 
Since the stator voltage is assumed to be constant in the above derivation, it is 
important to understand the sensitivity of stator voltage levels on the reactive power 
capability. This is necessary because if the DFIG is used to maintain remote voltage, then 
the reactive capability should be very close in the entire range of stator voltage variation. 
Figure 8 below demonstrates the reactive capability at 0.03 slip for stator voltage values on 
0.95, 1.0 and 1.05 respectively. It can be seen that the stator voltage has a very minor effect 
on the reactive capability of the machine. 
 
Figure 8 : Effect of Stator Voltage on Reactive Capability 
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A capability curve for a DFIG wind park was formulated using the method 
described above with a maximum power tracking characteristic given in figure 3. This 
technique is given for only a single machine, but it is assumed that the power capability of 
one machine can be scaled up to accurately aggregate the behavior of a DFIG wind park. 
The plot in figure 9 displays the operation of a DFIG within the specified 0.95 leading and 
0.95 lagging power factors. Superimposed is the capability curve for the DFIG at different 
wind speeds corresponding to variable levels of power output. Given in the plot are the 
capability curves for the slip values in table 3. 
 
Figure 9 : DFIG wind park static power capability curve in per units 
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Thus by utilizing the capability curve in network analysis additional reactive 
power and hence improved power system performance may be attained over a regulated 
power factor. It is evident from the figure that at 100% plant output the use of the capability 
curve does not give much additional reactive support compared to the 0.95 leading 
operation. In contrast additional reactive consumption may be realized in lagging operation. 
Wind parks will very seldom operate continuously at 100% output and therefore in the 
periods of operation below 100% there is significant additional reactive power available that 
could aid in improved system performance. 
2.3  Impact of Additional Reactive Power on System Dispatch 
        2.3.1 Optimal Power Flow Formulation 
Optimal power flow (OPF) is a well developed tool and standard procedure in 
power system planning and operation [28], [29]. As part of this work it is used to study the 
impact of extended DFIG reactive capability on system operation as compared to regulated 
power factor operation. The objective of this OPF is to minimize system costs while 
adhering to operation constraints such as line flow, generation, and bus voltage limitations. 
The formulation is presented: 
Minimize: 



n
k
gkgk PCPf
0
)()(                       (55) 
Subject to: 
  
 
0_
1 1
jloss
n
k
m
i
digk PPP          (56) 
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  
 
0_
0 0
jloss
n
k
m
i
digk QQQ          (57) 
max,min, gkgkgk PPP             (58)          
)()( max,min, gkgkgkgkgk PQQPQ           (59) 
max,min, uuu VVV             (60) 
limlim FFF j             (61) 
 
Where, 
u (1, 2…q), q – total no. of buses 
j (1, 2…p), p – total no. of branches 
k (1, 2…n), n – total no. of generators 
i (1, 2…m), m – total no. of load buses 
Equation (55) indicates the total cost of production of power, where )( gkPC is the 
price for gkP units of power from unit k. Qgk is the reactive injection of unit k. The real and 
reactive demand at bus i is Pdi and Qdi and the real and reactive loss on line j is given by -
Ploss_j and Qloss_j. Equations (56) and (57) are the power balance equations for real and 
reactive power. Equations (58) and (59) are the real and reactive power limits on the 
generators where the reactive limits are a function of the real power dispatch (Qgk_min/max 
(Pgk)). This is done to capture the capability curve / restricted power factor regulations 
displayed in figure 2. The bus voltage constraints (0.95 – 1.05) and the line flow limits (< 
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1.0 p.u.) are given in equations (60) and (61). MATPOWER is the software tool used to 
conduct the OPF analysis [30]. 
This work addresses the impact of large scale DFIG wind generation on economic 
and reliability concerns in a power system. This representation aims to capture the major 
components of a large scale power system and emulate key system phenomena. The 
following section will elaborate on the system description. 
 2.3.2 Power System Description 
A sample power network available in the PSS/E software was imported into 
MATPOWER and PowerFactory for system analysis. The original network consists of 6 
conventional machines and 26 buses. The total load was modified to 3035 MW and 1230 
MVAr. Refer to figure 4 for the schematic of the network. Shunt compensation (950 MVAr 
sum) is located at various buses throughout the system with a large 600 MVAr reactor at bus 
151. The transmission voltages range from 230 – 500kV and the line parameters have been 
modified to reflect appropriate transmission distances [13]. 
In the base case the majority of generation is concentrated in the Northern region 
of the grid.  The load centers are located in the South and South-East portion of the system 
with major concentration at buses 154 and 206. The South-West part of the network 
contains low load and low transmission capacity.  Typical high wind regions have these 
characteristics and hence it is assumed a potential site for large scale wind facilities [31]. 
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Figure 10 :  Simulated power system with park interconnection at bus 3008 
Since one of the underlying themes of this is to address the implementation of 
large DFIG penetration levels, unit 3018 has been taken off line. Installed in place of this 
unit are 3 DFIG wind facilities strategically placed at buses 3005/ 7/ 8. The replacement of 
this unit was to simulate disbursed wind generation that would emphasize the impact of high 
DFIG penetration on system performance. To facilitate the transfer of energy from these 
high wind regions to the load centers the lines (3008 – 154), (3005 – 3007), and (3007 – 
3008) are upgraded to have sufficient transmission capacity.  
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2.3.3 OPF Analysis Description 
The OPF analysis described in section 2.3.1 is used to assess the impact of 
extended reactive capability on system operating costs. The central goal of the analysis is to 
compare the system operation with restricted power factor versus the capability curve. The 
described system in figure 4 is studied with a load of 3340 MW and 1325 MVAr. At base 
case the depicted 5 conventional generators are online to satisfy this demand. The unit at bus 
3011 is the slack bus and contains the most expensive generation. The production costs of 
all other generators are assumed to be the same. The wind parks are modeled to have a fixed 
production cost and are the least expensive generation. The units are modeled in the way to 
simulate the current practice of handling intermittent resources as price taking units, 
wherein all the available wind generation is purchased and no market is used to clear these 
bids. Due to the relative small scale of wind penetration in these markets their influence on 
setting the market price is considered negligible. [32, 33]. 
In this study wind penetration is defined as the total capacity of wind generation 
compared to the total load. 



Load
capacitywindInstalled
LevelnPenetratio        (62) 
To analyze the impact of increased DFIG wind penetration, various penetration 
levels at 15, 20, 25, and 30% are simulated. At each penetration level the total wind 
generation is simulated at 2, 15, 50, and 100% output in order to consider various 
production conditions from cut-in to cut-out wind speeds. Since wind is not a constant 
resource this study aims to capture the effect of wind variability on system operating costs.   
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Table 3 Individual Plant Sizes at Different Penetration Levels 
 
System Wind Penetration Total Wind Capacity 
(MW) 
Individual Plant Sizes 
(MW) 
15 % 510 170 
20 % 680 227 
25 % 850 283 
30 % 1020 340 
 
In this analysis the total wind generation at each penetration level is assumed to 
be equally distributed between the DFIG wind parks located at buses 3005/7/8. The total 
system load is 3340 MW and by utilizing equation (18) the plant sizes are obtained. The 
total wind capacity at the respective penetration levels are 510 MW, 680 MW, 850 MW and 
1020 MW. At the described penetration levels the individual plant sizes are 170, 227, 283, 
and 340 MW. Table 3 summarizes the plant sizes at different penetration levels.  
At 2% park output it is considered that the wind units have just cut-in and the real 
power output is at a minimum. When employing the capability curve, the reactive limits of 
the machines are the greatest at this output as compared the other output levels studied. As 
wind speeds increase the parks real output increases and consequently the reactive capability 
of the DFIG Park reduces. In contrast, the FERC regulation allows wind units to increase 
their reactive capability as the real output is increased. Again referring to figure 2, at 100% 
real output the leading reactive capability of both strategies is approximately equal. 
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2.3.4 System Loss Reduction 
At each penetration level the total system operating costs are computed for each 
output level. The system operating costs are comprised of both the cost of generation to 
meet the demand and generation cost to satisfy losses. When a unit is unable to meet its 
local reactive load, remote generation compensates this requirement, but the system incurs 
additional line losses. Since the demand is fixed the reactive dispatch of the DFIG parks 
results in reduced system losses due to DFIG generation being able to meet the local 
reactive requirements. In this study the cost of system losses are minute as compared to the 
cost of generation. Thus even a substantial reduction in losses will not reflect a significant 
savings in total operating costs. Hence the reduction in system losses is used as a metric of 
comparison between the reactive control strategies. 
Table 4 : Percent Reduction in Losses Using Capability Curve Over 0.95 
Leading/Lagging Power Factor  
 
Penetration Level 
Plant Output      
15% 20 % 25% 30% 
2% 15.82 15.46 15.10 14.74 
15% 8.54 7.17 6.54 7.06 
50% 3.75 2.80 2.19 1.62 
100% 0.34 0.35 0.11 0.02 
 
Table 4 contains the percentage reduction in losses employing the capability 
curve as compared to an imposed 0.95 power factor limit. Observing the difference in the 
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reactive capacity between the two control strategies from figure 2, it is evident that as the 
real output of the wind park increases the additional reactive power available with the 
capability curve reduces. Correspondingly the percent reduction in system loss decreases 
with an increasing real power output. 
DFIG wind parks implementing capability curve control may substantially reduce 
system losses especially at low plant output levels. This control strategy not only facilitates 
reductions in operating costs but avoids the necessity of additional reactive compensation 
required for secure operation of the power system. The combined savings in total system 
costs (losses+shunts) may help justify transmission investment for future wind installations 
[31]. 
2.4 Impact of Additional Reactive Power on Power Transfer Margin 
The following analysis investigates the impact of the additional reactive power on 
power system transfer margin. The transfer margin is computed based on the minimum 
power transfer possible for various contingencies. For the above power system the 
contingencies considered are loss of transmission lines. Loss of generation is not considered 
in the analysis and hence generators and transformers connected to generators are not 
considered as contingencies. The base case load in the previous analysis does not provide a 
powerflow solution for all the contingencies. Hence the base case load level is reduced by 
150 MVA to obtain the new base case for this analysis. 
To compute the transfer margin the load and generation are increased in 
proportion to the base case load and generation dispatch. The base case generation dispatch 
is obtained based on the OPF formulation provided above. The penetration levels and output 
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levels used in the previous analysis are again utilized to obtain the different transfer 
margins. Table 5 summarizes the increase in transfer margin for the various scenarios. 
The table demonstrates that with increasing system penetration of wind generation 
the increased power transfer margin increases. Given a base case load of 3200 MW the 
percentage increase in power transfer margin over the base case loading varies from 8.4% to 
14.6% with increasing system penetration from 15% to 30% at low wind speeds. At 50% 
output the percentage increase in transfer margin varies from 4.8% to 8.5% with increasing 
system penetration. At 100% plant output there is very little increase in reactive power 
available and this translates into a very marginal increase in transfer margin. 
Table 5 : Increase in Transfer Margin (in MW) Using Capability Curve Over 
0.95 Leading/Lagging Power Factor  
 
 
 
Penetration                                                                             
Level 
Plant Output      
15% 20 % 25% 30% 
2% 267.24 355.11 441.53 467.67 
15% 
238.19 320.98 375.44 427.00 
50% 
   153.95 202.61 253.44 273.05 
100% 
    20.33 23.24 28.32 29.05 
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CHAPTER 3: INCORPORATING WIND VARIABILITY INTO 
VOLTAGE SECURITY ASSESSMENT 
3.1 Voltage Security Assessment Tools 
According to [34], voltage stability refers to the ability of a power system to 
maintain steady voltages at all buses in the system after being subjected to a disturbance 
from a given initial operating condition. Voltage stability of a system depends on its ability 
to maintain/restore equilibrium between load demand and load supply from the power 
system. Any resulting instability occurs in the form of a progressive fall or rise of voltages 
of some buses. Major contributory factors to voltage instability are power system 
configuration, generation and load patterns [35-39]. A possible outcome of voltage 
instability is loss of load in an area, or tripping of transmission lines and other elements by 
their protective systems leading to cascading outages. 
As mentioned in [40], the term voltage collapse is also often used. It is the process 
by which the sequence of events accompanying voltage instability leads to a blackout or 
abnormally low voltages in a significant part of the power system [37, 40, 41].  
Voltage problems typically occur in power systems which are heavily loaded 
faulted and/or have reactive power shortages [37]. Among the various factors which affect 
voltage stability issues, there is a special correlation between voltage instability problems 
and insufficient reactive power reserves [42]. Voltage collapse is related to reactive power 
demands of loads not being met because of limitations on the available reactive power 
reserves and transmission of reactive power [43]. 
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There are two general types of tools for voltage security assessment: dynamic and 
static. Dynamic analysis uses time-domain simulations to solve nonlinear system differential 
algebraic equations. Static analysis is based on the solution of conventional or modified 
powerflow equations.  
Dynamic analysis provides the most accurate replication of the time responses of 
the power system [37, 44-46]. However, time-domain simulations are time consuming and 
computationally extensive. These limitations generally make dynamic analysis impractical 
for examination of a wide range of system conditions or for determining stability limits.  
 Static analysis [37, 47-52] involves only the solution of algebraic 
equations and therefore is computationally much more efficient than dynamic analysis. 
Voltage stability analysis often requires examination of lots of system states and many 
contingency scenarios. For this reason, the approach based on steady state analysis is more 
feasible. 
For static voltage stability studies of a power system, the loading of the system is 
increased incrementally and slowly (in certain direction) to the point of voltage collapse. 
The MW-distance to this point is a good measure of system voltage stability limit. P-V 
analysis is a steady state-tool that develops a curve, which relates voltage at a bus (or buses) 
to load within an area. Bus voltages are monitored throughout a range of increased load.  
The benefit of this methodology is that it provides an indication of proximity to 
voltage collapse throughout a range of load levels. Required input is standard power flow 
input data and the output is P-V curves for all specified buses. The voltage profile of the 
system is shown by the PV-curves which are plotted using power flow programs as the 
loading varies from the base values to the point of collapse. 
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Figure 11 demonstrates the P-V curves for a system. The three curves correspond 
to the base case (BC) and two contingencies (C1, C2). The PV margin reduces for 
contingencies (PV margin BC > PV margin C1 > PV margin C2), and hence including 
contingencies into voltage stability margin estimation is critical. 
 
 
Figure 11 : P-V Curve: Base Case and Contingencies 
3.2 Wind Variability Trends 
Load variability affects power system operations in three different time frames. 
The following figure 12 demonstrates the three time frames [53]. Load variability affects 
voltage and frequency regulation in the power system. This is in the timeframe of a few 
seconds to a few minutes. The means of maintaining system operations in this time frame is 
Automatic Generation Control (AGC). The second timeframe of concern is the minutes to 
hour’s time frame. This time frame is generally handled by spinning and non-spinning 
reserves. The final period of concern is the day ahead period and this is handled by 
committing units in advance to handle the uncertainty. 
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Figure 12 : Different Time Frames for System Load Variation [53] 
The addition of large scale wind generation in the power system can affect all 
these time frames. A study conducted in 2004 studied the impact of high wind penetration 
on morning and evening load ramp events [11]. The study assumed a 15% wind penetration. 
The two plots indicate that during summer as load picks up, the presence of large scale wind 
penetration increases the ramp up requirements of the system, indicating that wind ramps 
down as load increases on a summer morning. The second plot indicates that in the evening 
as load ramps down, wind ramps up thereby causing other generation to ramp down to a 
greater degree. The second issue can be handled by spilling wind generation, but a greater 
concern for power system operations is the issue of wind ramp downs coinciding with load 
ramp ups.  
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Figure 13 : Impact of 15% wind penetration on System Ramping 
Requirements [11] 
The size of a wind farm affects the variability of the power output from the wind 
park in the various time frames of interest. The following figure 14 indicates that the 
percentage variability in wind power increases with increasing timeframe [53]. This 
indicates that large scale wind penetration will not require a large increase in regulation 
reserves, but will need more units available in terms of reserve in the minutes to hour’s 
timeframe.  
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Figure 14 : Average Wind Park Output Variation in Different Time Frames 
and for Different Plant Sizes [53] 
The accuracy of wind forecasts depends on the forecasting horizon. The figure 15 
demonstrates the increasing forecasting uncertainty as the time horizon increases [54].  
 
Figure 15 : Impact of Forecast Horizon on Wind Forecast Error [54] 
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3.3 Generator Ramp Rate Requirements 
In section 3.2 the impact of wind variability on unit commitment and reserves was 
discussed. The impact of the variability and uncertainty of wind generation is minimized 
when the rest of the generation is flexible. The following table summarizes the different 
generation technologies and their flexibility in terms of ramping capability.  
Table 6 : Ramping Capability of Different Power Generation Technologies 
Technology  Ramping Capability 
Nuclear Power Plants  Very inflexible slow to change  
Run-of-river hydro       Limited flexibility without wasting water  
Large Coal Fired  Slow to start and ramp, better at base load  
Combined Cycle Plants  
Faster to start, fast to ramp; high efficiency at close 
to nominal  
Conventional CT  Fast to start and ramp; costly  
Advanced CCP  
Fast to start and ramp; very efficient at many load 
levels  
 Pump storage  Faster to start, fast to ramp; need low cost energy  
 Storage Hydro  Fast to start and ramp; can virtual store  
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A system which has a mix with more flexible resources (near the bottom of the 
list) is more equipped to handle large scale wind penetration. But even with a good mix of 
generation the choice of units that are held in reserve is important. This is especially 
important in a transmission constrained power system. The following methodology provides 
a means of assessing the different redispatch strategies and choosing one which provides 
most reliable operation of the power system. 
3.4  Voltage Secure Region of Operation (VSROP) Methodology 
PV curves are drawn to study the nature of the voltage profiles of a particular load 
bus given an assumed direction of increase of conventional generation. Existing static 
Voltage Stability analysis assumes all generation to be dispatchable. Wind generation 
cannot be considered to be dispatchable [55] and hence a different approach is needed to 
understand the impact of wind variability on Voltage Stability Margin.  
With increasing environmental concerns and political mandates, wind energy is 
becoming the preferred choice of renewable energy. Wind energy dispatch will play a 
pivotal role in order to meet the renewable portfolio standard to make wind generation 
comprise 20% of the whole power generation portfolio in the US by 2030 [53]. 
Electricity generated from wind power can be highly variable with several 
different timescales - hourly, daily, and seasonal periods are present in wind energy. Since 
instantaneous electrical generation and consumption must remain in balance to maintain 
grid stability, this variability can present substantial challenges to incorporating large 
amounts of wind power into a grid system. With wind power generation being increasingly 
incorporated into the existing power system, the traditional PV curves are unable to capture 
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the stability margin for an integrated system which has high wind penetration (~20%). 
Intermittency and the non-dispatchable nature of wind energy production can raise various 
issues like increased regulation costs and operating reserves.  
In order to include the wind variability, a P-V surface for secure operation is 
proposed. The developed surface is called the Voltage Secure Region of Operation 
(VSROp). The surface incorporates different levels of wind generation by representing 
different PV curves at different wind generation levels to obtain a three dimensional region 
of voltage secure operation. In the three dimensional region, the non-dispatchable wind 
generation (z axis) forms the additional axis along with the existing power generation, 
including losses of the system (x axis) and the per unit voltage (y axis). 
Figure 16 below demonstrates a sample VSROp. The four PV curves corresponds 
to no wind and wind generations W1, W2 and W3 (W3>W2>W1).   For each PV curve the 
amount of wind generation is kept constant and the load and generation is increased 
according to a set loading and generation increase scenario, which is kept constant for all 
PV curves. Another input to the PV surface calculation algorithm is the redispatch strategy 
for increase or decrease in wind generation. 
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Figure 16 : Voltage Secure Region of Operation (VSROp) 
 
The flowchart for the proposed methodology is shown in Figure 17. The proposed 
methodology includes the following steps: 
Step 1: Obtain Input Data 
 This step basically involves obtaining the three inputs to the Voltage Security 
Assessment tool: 
 The power flow data for the system under consideration. 
 The assumed level of wind generation in the base case and wind 
variability that is to be studied. 
 The redispatch strategy for increase or decrease in wind generation. 
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The power flow data includes the committed generations and their bid curves. It 
also includes the load increase direction and generation increase direction. The generation 
increase scenario is provided for all other generations except wind. 
Historical wind speed data and load data is utilized to decide the amount of wind 
generation available in base case. The wind speed forecasts for maximum variability is 
utilized to decide at what values of wind variation PV curves are to be plotted. 
The wind speed rate of variation along with the ramp rates of available generation 
is utilized to develop the generation redispatch strategy to compensate for variation in wind 
power in the system.  
Step 2: Optimal Power Flow in the base case 
Optimal power flow (OPF) methodology developed in Section 2.3 is utilized. 
MATPOWER is the software tool used to conduct the OPF analysis. 
Step 3: Full Contingency based Margin Estimation 
For a fixed wind energy dispatch, plot the PV curves using powerflow for all (n-
1) contingencies. MATPOWER is used to obtain the PV curves. The contingency 
corresponding to the least power transfer margin is noted and the corresponding PV plot is 
stored. The set of all PV curves is plotted in the previously mentioned three dimensional 
space to obtain the Voltage secure PV surface.  
The series of PV curves on different planes corresponding to a particular wind 
penetration level will constitute a hyperspace which will represent the stable voltage 
operating zone The base case dispatch is then utilized to estimate the least available margin 
in the PV surface.  
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Figure 17 : Flowchart for Voltage Security Assessment 
Step 4: Margin Check and Remedial Action 
The margin obtained in Step 3 is verified to meet the power margin requirements. 
If the margin requirements are not met then remedial actions are taken to increase the 
margin and the modified load flow data is fed into step 1 and the entire process is iteratively 
repeated until the desired margin is obtained. 
The remedial actions that can be taken include but are not restricted to capacitor 
switching, commitment of additional generation units or load shedding. This hyperspace 
would give the power system operators a given region which might be too conservative, but 
is the perfectly safe operating zone. Also given current wind dispatch and estimated 
variability in the next hour, the operator would be able to quickly determine the amount of 
the margin that would be available for the system. 
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3.5 Test Case  
The 26-bus test system from PSS/E described in section 2.3.2 is considered and 
shown in figure 18. To negate the locational advantage of generation, all generators are 
assumend to have the same rating of 900 MW. Reactive limits on all generators areset to be 
500 MVar and -150 MVar. The objective of this study is to examine the impact of wind 
variability on voltage stability margin and the location of wind generation w.r.t reserves, and 
its impact on the power trnsfer capability. 
Two locations are chosen for wind generation. One is located at bus 3008 and the 
second at bus 3002.The wind park of size 800 MW is chosen. Base case plant output is 
assumed to be 560 MW which is 20% of the base case load. The location at bus 3008 is not 
transmission constrained whereas the location 3002 is in a high generation low load area of 
the power system. 
Two different redispatch strategies are assumed. One with the residual generation 
being picked up by Gen 3011 and Gen 101(marked in red). These generators are more 
remote w.r.t the load.The second redispatch strategy assumes the generators at 211 and 206 
to pe the pick up generators(marked in blue).  These generators are closer to the load. 
For each wind park location and redispatch strategy both Capability curve and 
FERC mandated restricted power factor is used to analyze the impact on transfer margin. 
All line out contingencies are tested and for each maximum transfer margin obtained the 
most critical contingency is recorded.   
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Figure 18 : System Layout with Different Wind Locations and Redispatch 
Strategies 
3.5.1 Location 1  
The following figures 19 and 20 demonstrate the variation in power transfer 
margin variation as the wind power is varied between 0 and 800 MW. The two redispatch 
strategies are used to obtain two separate plots.   The general trend at location 1 is that the 
power transfer peaks at between 160-240 MW and the next peak is at approximately 640 
MW. 
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Figure 19 : Location 1 Redispatch Strategy 1 
At location 1, the critical contingencies vary with varying wind levels. At lower 
wind levels the critical contingencies are 16, 26 and 13 whereas for higher wind speeds it s 
contingency 3. At location 1, for different reactive power limits on wind generations the 
critical contingency varies especially at low wind speeds. 
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Figure 20 : Location 1 Redispatch Strategy 2 
At location 1, the maximum margin for redispatch strategy 2 is obtained around 
240 MW wind power output and for redispatch strategy 1 maximum margin is obtained at 
160 MW plant output. At location 1, even though maximum transfer margin is less for 
redispatch strategy 1, the variation in transfer margin over the entire range of variability is 
lesser than strategy 2. The reason for the two peak power transfer margins is the peculiar 
trend obtained for the transfer margins for contingency 3 [line outage 151-201]. 
The following figure 21 demonstrates the variation in power transfer margin for 
the two most restrictive contingencies. In case of contingency 3 in the base case as the wind 
level increases the lower reactive limit of the generator at bus 211 is hit. Beyond this limit a 
bus acts as a PQ bus and thus the reactive capability of the generator at bus 211 is not 
utilized in the power transfer margin.  
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Figure 21 : Comparison of two contingencies (3 and 16) 
3.5.2 Location 2 
The following figures 22 and 23 demonstrate the variation in power transfer 
margin variation as the wind power is varied between 0 and 800 MW. The general trend for 
the transfer margin at location 2 is that the transfer margin decreased with increasing wind 
levels.  
At location 2 there is no change in critical contingency over the entire range of 
variability. However at this location at higher wind outputs, for redispatch strategy 2 there is 
no convergence in base case for the critical contingency 16 at 90% and 100% output.  
At location 1, by utilizing the capability curve a minimum power transfer margin 
of 100 MW is obtained. The restricted power factor operation restricts the power transfer 
margin to zero at 90% and 100% operation. Thus by using the capability curve the system 
can accommodate 800 MW whereas with the restricted power factor we can only 
accommodate 640 MW irrespective of the redispatch strategy employed. 
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Figure 22: Location 2 Redispatch Strategy 1 
 
Figure 23 : Location 2 Redispatch Strategy 2 
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3.6  Wind Variability and Redispatch Strategy 
In a power system with large levels of wind generation the choice of redispatch 
strategy has an important impact on the transfer margin of a system. In the above case study, 
redispatch strategy 2 gives the maximum power transfer margin at a given wind speed level, 
but is also the redispatch strategy that has maximum deviation. On the other hand redispatch 
strategy 1 gives a flatter profile for the transfer margin which is more desirable, as the wind 
variation does not affect the load serving capability of the system.  
In the case of location 2, the redispatch strategy 2 is especially preferred because 
the wind generation is located in a high generation transmission constrained region and the 
redispatch strategy that utilizes generation in the vicinity of the wind generation is very 
favorable. It gives a balanced variation in power transfer margin. This is because by 
ramping up the surrounding generation when wind reduces and ramping down that 
generation when wind increases results in maximum transmission utilization.  
This tool helps determine the wind level at which minimum power transfer 
margin is obtained. This power level need not be at minimum wind or maximum wind. The 
most severe contingencies on a system depend on the level of wind generation.
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CHAPTER 4: LARGE SYSTEM IMPLEMENTATION – OFFSHORE 
WIND FARM 
4.1 Motivation 
In this chapter, the impact of the capability curve on the large scale power system 
is considered. In a standard power system, the contribution of any reactive power source is 
directly proportional to its proximity to the load. In most regions, the coastal areas are 
thickly populated and are hence high load centers [56]. At the same time the high population 
density and the various environmental regulations, makes it very difficult to site generation 
close to these coastal load centers.  
The United States has large load pockets along the eastern coast. There is 
considerable interest in developing off shore wind sites, especially with many states having 
renewable portfolio standards.  Figure 24 below shows the availability of wind power in the 
Northeastern part of the United States.  One area of particular interest for wind energy 
development is the coast of South Eastern Massachusetts. A major offshore wind project 
that has been in the pipeline is the Cape Wind Project [58].  
The area of Southeastern Massachusetts (SEMA) is a high load pocket with 
limited generation. Recent operational experiences of the local independent system operator, 
ISO-NE indicate that some older expensive generating units in lower SEMA had to be kept 
online in peak conditions to facilitate reliable system operation [59]. The Cape Wind project 
plans the addition of wind units in the lower SEMA region which would serve load in the 
aforementioned load pocket. A detailed representation of the system is provided in section 
4.2. 
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Figure 24 : Wind Power Potential in the Northeastern USA [57] 
The Cape Wind project is planning to add an offshore wind park in the Nantucket 
Sound. Figure 25 indicated the location of cape wind. The following sections detail the 
modeling of a wind farm in a similar East Coast region, and investigate the impact of the 
additional reactive power at low wind levels.  
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Figure 25 : Cape Wind Location [58] 
4.2 System Modeling  
The 22,000 bus Eastern Interconnection system is used to obtain static and 
dynamic data for the region being considered. The study region is restricted to an eastern 
coastal region of the system. The area is chosen based on generation sufficiency to serve the 
area load. The matching of area generation and load allows for the equivalence of the 
remaining system.  
The reduced region consists of 648 buses. The total load in the region is 7100 
MW. There are 57 units online serving the load. Within this area, the region of  
East Coast is indicated in figure 26. All buses over 115kV are modeled. The total load in the 
region in the base case is 600 MW.  The region is fed by 5 major 115kV lines from the 
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northern area. The buses T-1, C-1, C-2 and C-3 are fed by a strong 345 kV network north of 
the region. The base case system has no generation in the East Coast load pocket.  
 
Figure 26 : East Coast Region 115kV Network 
In the figure above, the interconnecting bus for the off shore wind farm is 
indicated. The figure 27 below indicates the steady state model of the wind park. The wind 
farm consists of two units of 126 MW units. Each unit is an aggregation of 84 units of 
maximum real power output of 1.5 MW.  To accurately model the wind farm, the collector 
system is also modeled. The 115 kV lines that interconnect the wind farm to the 115 kV 
network is also modeled. The 115 kV lines have two segments, an underground segment 
from the collector 115kV bus to the mainland and an overhead segment on the mainland to 
the interconnecting substation. The collector network is modeled at 33kV. The terminal 
voltage at the wind units is 575V. 
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Figure 27 : Wind Park Steady State Model 
Since the region is a load pocket and an import area, it is important to determine 
the import limit into the region. Three cases are considered in the analysis. The base case, 
with the system as it exists without the off shore wind park. A case in which the wind park 
provides rated output. A final case with the wind park at 5% output level. The third case is a 
typical summer day with low wind levels. In the following sections a static and dynamic 
analysis of the system is conducted to analyze the impact of the additional reactive 
capability. Since the region is known to require out of merit generation to be run for 
reliability, the region is an import constrained region.  
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Three buses in the system are monitored. The monitored buses are OT1, WF1 and 
HW1. The three buses are circled in figure 26 in green. There buses are used to analyze the 
results in sections 4.3 and 4.4.  
The addition of conventional generation in such scenarios is helpful because it 
provides local generation and less imports is required to serve load. But the inherent 
variability of wind and the inverse nature of diurnal load and wind variation raise concerns 
about the effectiveness in a wind farm to enhance system reliability.  
4.3 Static Voltage Stability Analysis 
The system described in the above section is utilized to conduct a static transfer 
analysis. The initial load level in the load zone is maintained at 600 MW. Generation 
outside the load zone is used to import power into the load zone. The load is increased while 
maintaining a constant power factor.  
The voltage criteria used for the system is that all pre contingency voltage should 
be above 0.95 p.u and below 1.05 p.u. on all buses over 115kV. For post contingency 
scenarios, the minimum voltage is extended to 0.9 p.u. and the maximum voltage is 
increased to 1.1 p.u.  
All the imported power is delivered to the load zone through the 5 import lines 
emanating from T-1, C-1, C-2 and C-3. All line out contingencies are considered. The five 
most restricting contingencies are screened and are determined to be the outages of any one 
of the five import lines. VSAT is the tool used to carry out the PV analysis [60].  
Of the three buses monitored WF1 bus is the most susceptible to low voltage 
violation. Of the five contingencies considered the most restricting contingency is the loss of 
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the line from C-3 to the wind interconnection bus. Figure 28 demonstrates the pre 
contingency voltage at WF1 bus as the load is increased. The first voltage violation for the 
cases with wind occurs in pre contingency.  The maximum load in the load pocket with the 
wind generation at full output is 770 MW. The maximum loading possible with the wind at 
5% is 830 MW. With no wind present in the system the maximum loading without any 
voltage violations is 650 MW.  
 
 
Figure 28 : Pre-contingency Voltage Variation at WF1 Bus 
Figure 29 indicates the voltage variation at WF1 bus for the three different cases. 
The first voltage violation for the case without wind is at 650 MW. This violation occurs for 
the post contingency voltage. The post contingency voltage dips below 0.9 p.u. beyond this 
load level. 
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Figure 29 : Post-contingency Voltage Variation at WF1 Bus 
 
The voltage profiles for the cases with wind again indicate that the post 
contingency voltages at WF1 are higher for the cases with wind present. The additional 
reactive power available at low wind levels allows for more loads to be served in the load 
pocket. The additional transfer capability provided by the wind park in this case is about 80 
MW. Thus at low wind levels 10% additional load can be served in the load zone by 
imported power. This is especially important because at peak load levels on the system the 
wind speeds are minimal. Thus wind power output is very low during system peak and this 
lack of wind results in increased requirement of imported power from outside the load zone.  
The above analysis indicates that even though wind power peaks at periods of 
relatively low loads, the incorporation of the capability curve of the wind park can enable 
the load zone to import higher levels of power to serve the load pocket reliably. The power 
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transfer margin without any wind is 50 MW. If the capability curve were not employed, then 
to reliably serve the load that the wind park supplies, additional system fixes in the form of 
either transmission lines or reactive devices will be required. The use of the capability curve 
in this analysis clearly demonstrates the cost savings for the power system by utilizing the 
capability curve. 
4.4 Dynamic Simulation Setup 
This section examines the impact of the additional reactive capability on dynamic 
voltage performance. The same three cases utilized in section 4.3 are utilized in this section 
as well. The following sections describe the different components that are modeled in the 
dynamic simulation.  
The purpose of this analysis is to verify the results obtained in the steady state 
analysis described in section 4.3.  
4.4.1 Generator Modeling 
The dynamic model for the above system is obtained from the Eastern 
Interconnection dynamic model. The dynamic simulation is carried out in PSS/E [60]. The 
57 online units have dynamic models. The generator model used is the round rotor generator 
model (GENROU) [61]. The following table 7 indicates the different exciters used in the 
dynamics data. 
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Table 7 : Different Exciter Models Used in the System 
Exciter Code Description 
ESAC1A 1992 IEEE type AC1A excitation system model. 
ESAC8B Basler DECS model. 
ESAC3A 1992 IEEE type AC3A excitation system model. 
ESST1A 1992 IEEE type ST1A excitation system model. 
EXAC2 1981 IEEE type AC2 excitation system model. 
EXST1 1981 IEEE type ST1 excitation system model. 
IEEEX1 1979 IEEE type 1 excitation system  
ESST3A 1992 IEEE type ST3A excitation system model. 
EXPIC1 Proportional/integral excitation system model. 
The different governor models used in the system are given below in table 8. The 
PSS2A type stabilizer is also used for some generators. The PSS2A is the IEEE Dual-Input 
Stabilizer model.  
Table 8 : Different Governor Models Used in the System 
Governor Code Description 
GGOV1 GE general purpose turbine-governor model. 
IEEEG1 1981 IEEE type 1 turbine-governor model. 
WESGOV Westinghouse digital governor for gas turbine. 
IEESGO 1973 IEEE standard turbine-governor model. 
TGOV1 Steam turbine-governor model. 
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4.4.2 Tap-Changer Modeling 
. Online tap changers are devices used to adjust the taps of a transformer. The taps 
of a transformer help change the ratio of the primary to the secondary winding of the 
transformer. The primary application of tap changers is to boost up the voltage on the lower 
kV side of the transformer to maintain load voltages. The tap changers are dangerous in a 
system that is close to voltage instability. Whenever transformer taps are adjusted the 
reactive power absorbed or injected into the grid on the high kV side of the transformer 
changes.  When the taps are adjusted to increase the voltage on the low kV side, additional 
reactive power is absorbed from the grid. Since voltage instability in the power system is 
closely tied to the reactive reserves in the system, tap changer action can take a system 
closer to voltage instability. Thus, modeling the tap changer action gives a more accurate 
representation of the system response to low voltage conditions. 
The standard OLTC1 model is used to model tap changer action in the system. 
The OLTC1 model consists of two components – the voltage sensor and the time delay 
circuit [62]. The voltage sensor senses if the bus voltage is outside the predefined band. The 
control will operate if the time of voltage excursion from the band exceeds the time delay.  
The output of the regulator is modified instantaneously because the time delay of the 
electronic circuit is much smaller than the time-delay.  
The time-delay circuit uses a simple integrator timer. The time delay prevents the 
controller from acting for self correcting voltage violations. A predefined time interval 𝑇𝐷 is 
the minimum period for which the voltage should violate the band. The tap changing action 
takes place 𝑇𝐶  seconds after the time delay is exceeded. This time is the tap changing delay. 
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The final parameter for the OLTC1 model is the time between consecutive tap changing 
actions. This delay is called the  𝑇𝑆𝐷  . For the delay to work well, it must be more than the 
tap changing delay, so that the effect of the tap changing is observed by the voltage 
regulator and unnecessary tap changing does not occur. 
The settings used in the model for the system considered is 𝑇𝐷= 25 s, 𝑇𝐶  = 10 s 
and 𝑇𝑆𝐷  = 15 s. Online Tap changers are modeled at 26 transformers in the load zone. 
4.4.3 Wind Park Model 
The standard GE 1.5 MW machine model is used [63]. The model is utilized as a 
user defined model in PSS/E. The wind plant model has 6 components. Table 9 indicates the 
6 models and their description. 
Table 9 : Components of Wind Turbine Model 
Model Code Description 
GEWTG1 Wind Turbine Generator 
GEWTE1 Wind Turbine Electrical Control 
GEWTT Two Mass Shaft Model 
GEWTA Wind Turbine Aerodynamics 
GEWTP Pitch controller 
WGUSTC Wind Gust Model 
 
The GEWTG1 model is the wind turbine generator model. The inputs to this 
model are the real and reactive power commands from the GEWTE1, the electrical control 
model. The reactive power control is set to remote bus voltage control. The wind 
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interconnection bus is used as the remote bus to be regulated. The regulated voltage is set to 
1.04. The other models are the standard pitch control model (GEWTP) and the aerodynamic 
model (GEWTA) that handles the mechanical power input from the blades. The two mass 
shaft model (GEWTT) consists of the generator inertia and the inertia of the blades. The 
wind gust model (WGUSTC) is used to simulate wind gusts and ramps. Since we are 
looking at a small time frame (< 5 min), the wind speed is assumed to be constant 
throughout the simulation. 
 
Figure 30 : Connectivity of Different Components in the GE wind model [64] 
The machine parameters given in Table 1 are the parameters of a standard GE 1.5 
MW unit. Thus the model is used entirely as it is including parameters. The only 
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modification made is the change in reactive power limits based on the real power output. 
The reactive power limits that are available in p.u. in figure 9 are scaled up to the park 
maximum power output which is 126 MW. Since the dynamic model is based on p.u. on the 
MVA base of the plant, the reactive power limits in p.u. are entered in the dynamic model. 
Two sets of dynamic data are set up – for 100% park output and 5% park output 
respectively. 
4.5 Dynamic Simulation Results 
The dynamic analysis is done to verify the results obtained from the static voltage 
stability analysis. To simulate the effect of Under Load Tap Changers (ULTC’s), the model 
is included. The load is modeled as a constant MVA load for the static analysis. The 
dynamic simulation software’s like PSS/E do not allow for constant MVA load model. The 
load has to be converted to either a constant current model or constant impedance model. 
The constant impedance model is the least conservative model. The real power load is 
converted to a constant current load and the reactive load is converted to a constant 
impedance load. This assumes an intermediate assumption for load behavior and proximity 
to voltage collapse.  
The same cases are used for the dynamic analysis as the steady state analysis. The 
approximate transfer limits obtained in the static analysis is used as a starting point for the 
dynamic simulations. The disturbance on the system is the loss of a line with no fault. The 
most severe contingency in the static analysis is used for the loss of line contingency.  
The first case that is run is the case with the wind at 100%. The objective is to 
look at the load levels at which there are voltage violations either pre contingency or post 
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contingency. Also, the simulation is extended for 5 minutes to see the effect of the tap 
changing transformers.  
4.5.1 Wind Plant at 100% 
The maximum load obtained with the static analysis in section 4.3 is 770 MW 
with the wind farm at maximum output. Thus, the initial load zone load is set to 775 MW. 
The following plots indicate the voltages at the three monitored buses and the reactive 
power output from the two wind parks. 
 
 
Figure 31 : 5 Second Voltage Profile – Load = 775 MW Wind 100% 
 
The figure 31 indicates the 5 second voltage profile at the three buses. Again, as 
seen in the static analysis, the WF1 bus is the lowest voltage amongst the monitored buses. 
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The objective of this plot is to see post disturbances voltage. Since the timeframe is just 5 
seconds the effect of tap changers is not evident. 
 
Figure 32 : 300 Second Voltage Profile – Load = 775 MW Wind 100% 
The next plot in figure 32 indicates the extended simulation for 5 minutes. The 
voltages begin to rise due to the tap changer action. The system reactive reserves are 
sufficient and the post disturbance voltage settles very close to the pre disturbance voltage.   
Figure 33 indicates the reactive output of the two wind parks. The reactive power 
output settles at a value below the maximum value of 46.2 MVAr.  
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Figure 33 : 300 Second Reactive Power – Load = 775 MW Wind 100% 
 
The next load level that is tested is 800 MW. At this load level, the pre 
contingency voltage at WF1 violates the criteria. But from figures 34 and 35 it is evident 
that the post disturbance voltages are over 0.9 p.u and there is no criteria violation.  
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Figure 34 : 5 Second Voltage Profile – Load = 800 MW Wind 100% 
 
 In figure 35, it is visible that the number of tap changing actions is minimal.   
 
 
Figure 35 : 300 Second Voltage Profile – Load = 800 MW Wind 100% 
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Figure 36 : 300 Second Reactive Power – Load = 800 MW Wind 100% 
 
 The figure 36 shows the reactive power outputs of the two parks. The wind parks 
in this case hit their reactive limit, but it remains flat at that level, which indicates the 
minimal tap changing events. 
The load is increased further until there is post contingency voltage violation. At 
850 MW, the post contingency voltage just after the disturbance reduces below 0.9 p.u. 
Figure 37 shows the voltage reduces below the minimum value of 0.9.  
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Figure 37 : 5 Second Voltage Profile – Load = 850 MW Wind 100% 
In figure 38 the 5 minute simulation of the voltages is shown. The voltages at all 
the buses deteriorate with continuous tap changer action. 
 
Figure 38 : 300 Second Voltage Profile – Load = 850 MW Wind 100% 
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Figure 39 : 300 Second Reactive Power – Load = 850 MW Wind 100% 
 
 
In figure 39 the reactive output of the wind parks is seen for the 850 MW case. 
Post disturbance the reactive power reaches its maximum value. For every subsequent tap 
change the reactive power spikes up but then the electrical control of the wind turbine 
reduces the output to its maximum value and the voltages begin to deteriorate.   
4.5.2 Wind Park Offline 
The next case that is considered is the case with zero wind. The wind parks are 
offline. The first system load scenario considered is the 775 MW load. The 775 MW load is 
the maximum secure load that can be served with the wind units at 100%. Figure 40 
indicates the 5 second voltage response. The post contingency voltage violates the 0.9 p.u 
value for two buses.  
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Figure 40 : 5 Second Voltage Profile – Load = 775 MW Wind Off 
Figure 41 indicates the 5 minute voltage response. There is continuous tap 
changing action and the voltages continue to deteriorate. 
 
 
Figure 41 : 300 Second Voltage Profile – Load = 775 MW Wind Off 
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The load is reduced until the voltages are secure for pre and post contingency. 
This occurs at the system load of 600 MW. The figures 42 and 43 show the voltage profiles 
for the three buses. WF1 is very close to violating the low voltage pre contingency violation. 
 
Figure 42 : 5 Second Voltage Profile – Load = 600 MW Wind Off 
 
 Figure 43 shows the long term voltage profile. The tap changing action takes 
place but eventually the post disturbance voltage settles down at a secure value.  
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Figure 43 : 300 Second Voltage Profile – Load = 600 MW Wind Off 
 
The system is stressed further to a load of 625 MW. At this load level the WF1 
bus is violating pre contingency secure voltage criteria.  
 
Figure 44 : 5 Second Voltage Profile – Load = 625 MW Wind Off 
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Figure 44 above shows the 5 second voltage response. The immediate voltage 
after the loss of the line reduces below 0.9 but the voltage begins to recover. But as time 
progresses, it is evident in figure 45 that with tap changer action the voltage deteriorates and 
violates the post contingency minimum voltage criteria. Thus 600 MW is the maximum load 
that can be served by the system if no wind is present. 
 
Figure 45 : 300 Second Voltage Profile – Load = 625 MW Wind Off 
 
4.5.3 Wind Park 5 % - Providing Reactive Power 
The final case is the case with 5% wind providing reactive power support to the 
load pocket. The first load level tested is 825 MW. This load is just beyond the maximum 
secure load that can be served in this scenario. At this load level, the voltage at WF1 for the 
pre-contingency case is just below 0.95 p.u as seen in figure 46. 
78 
 
 
Figure 46 : 5 Second Voltage Profile – Load = 825 MW Wind – 5% 
 
 The 5 minute simulation in figure 47 again shows that even though there is some 
tap changer action, the voltage quickly settles to a stable secure post disturbance value. 
 
Figure 47 : 300 Second Voltage Profile – Load = 825 MW Wind – 5% 
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The reactive power output from the parks as seen in figure 48, increases with time 
but is still below the maximum value of 96 MVAr.  
 
Figure 48 : 300 Second Reactive Power – Load = 825 MW Wind – 5% 
 
 The next increment of 25 MW results in the pre-contingency voltage going below 
0.95 and the post disturbance instantaneous voltage reducing below 0.9 p.u. But in the 5 
second simulation in figure 49 the voltage seems to be recovering. But the voltage begins to 
deteriorate as seen in figure 50 for the extended simulation. The voltages eventually settle at 
a value greater than 0.9 p.u.  
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Figure 49 : 5 Second Voltage Profile – Load = 850 MW Wind – 5% 
 
 
Figure 50 : 300 Second Voltage Profile – Load = 850 MW Wind – 5% 
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The reactive power outputs of the two units are shown in figure 51. Even at this 
load level the reactive power output of the machine is well below the maximum reactive 
power limit. 
 
Figure 51 : 300 Second Reactive Power – Load = 850 MW Wind – 5% 
 
Thus the dynamic simulation studies further confirm the results from the static 
analysis. The reactive power capability at low wind levels allows for higher load being 
served than the wind park at 100% output. Also, the load served by no wind is significantly 
less than the load that can be served by using the capability curve at low wind levels. 
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4.6 Summary  
This section demonstrates the benefit of utilizing the capability curve of an off 
shore wind park to reliably serve load during low wind periods. The proximity of off shore 
wind farms to load centers and the reactive power requirements of load pockets makes it 
favorable to utilize the reactive capability to prevent voltage issues in the load center.  
The periods of low wind correspond with periods of high load. High load time 
periods are times when the system reactive reserves are at their lowest. The accessibility of 
wind farms as a reactive power source will lead to higher import capabilities into the coastal 
load pockets from remote generation.  In essence the additional reactive capability helps the 
power system handle the unavailability of wind.  
Both steady state and dynamic simulations demonstrate the improved transfer 
capability into the load pocket. The effect of online tap changers on the post disturbance 
voltages was also studied.  
The results in this section make a strong case for off shore wind generation and 
the ability to handle wind variability more effectively by utilizing the full reactive capability 
of a DFIG wind park. 
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CHAPTER 5: LARGE SYSTEM IMPLEMETATION- 
WESTERN IOWA 
5.1 Wind in Iowa 
Iowa is the second ranked state in terms of wind capacity in the United States 
[65]. The only state ahead of Iowa is Texas. Figure 52 shows the current installed capacity 
of wind power by state. 
 
Figure 52 : Wind Capacity by State in MW’s [65] 
Even though a large amount of the wind energy sites have been developed there is 
potential for more wind power in Iowa. In figure 53, the high yield wind energy sites 
selected by NREL are shown [66]. It is evident that the western Iowa region has great 
prospects for wind energy development.  
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Figure 53 : Selected NREL Sites for Wind Potential [66] 
With consultation from the local utility in the region - MidAmerican Energy, the 
three counties of Ida, Pottawattamie and Osceola were identified as high potential sites in 
terms of incoming wind projects. The utility also considered the load pocket that this 
additional wind would serve as the Chicago area.  The following figure 54 illustrates the 
three counties on an annual average wind speed map of Iowa [67].   
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Figure 54 : High Wind Potential Counties in Iowa [67] 
The intent of the study is to determine how much additional wind generation can 
be added at these three counties in order to serve load in Chicago. An additional case is run 
with added transmission to determine the impact of the additional transmission on transfer 
capability. The Eastern Interconnection system data is used for the analysis.  
5.2 Modeling Details  
The Eastern Interconnection system consists of 22053 buses. The area of study is 
restricted to the three utilities- MidAmerican Energy and Alliant, the utilities that cover 
Iowa and Commonwealth Edison (NI), the utility that covers the Chicago area and Northern 
Illinois. The base case load in the NI area is 22700 MW. The import lines from Iowa to 
Illinois consist of 345kV lines near the eastern border near the Quad cities area.  
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The following figure 55 shows the existing 345 kV system running west to east in 
Iowa. There are three lines coming in from Western Iowa to Central Iowa and then two lines 
going from Central Iowa to the Iowa/Illinois border.  
 
Figure 55 : Existing 345 kV network West to East in Iowa 
Three new 345 kV buses are tapped off this network to add wind. The three new 
buses correspond to the three counties discussed in the previous section. The wind is added 
on the 161 kV network and a 345/161 kV autotransformer is used to step up the wind power 
to the transmission network. The modified 345 kV system is shown in figure 56.  
For the added transmission case, many of the 345 kV lines are doubled up to have 
the system as shown in figure 57.  
In the following sections the maximum wind power output from the three given 
locations is determined. The criteria used to determine the transfer limit is voltage violation 
below 0.9 p.u. All 345 kV and 161 kV buses are monitored in the MidAmerican and Alliant 
System. All single line out contingencies on the 345 kV paths from west to east are 
considered. The total number of contingencies is 38.  
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Figure 56 : Iowa 345 kV network with new 345 kV buses for Wind 
 
The wind farm parameters and the collector system is the same as used in chapter 
4.  The intent is to determine the amount of wind power that is deliverable to the import 
region, if all the wind parks were operating at 100%. The tool used for the analysis is 
VSAT.  
 This approach is very similar to the analysis done for new interconnection 
generators. The generator must be able to deliver its maximum power with all the generators 
around the new unit operating at full output.  
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Figure 57 : Iowa 345 kV network with additional transmission lines 
 
5.3 Wind Phase 1 
Three wind parks of 441 MW each are added at the three locations. The first study 
is to see if the three wind farms were simultaneously operating at 100% output, how much 
wind power can be delivered to the Import Region. Each wind farm consists of 4 separate 
aggregated units.  Three aggregated units of 126 MW each and one aggregated unit of 63 
MW.   
To determine the maximum deliverable wind power a unit each is turned on at the 
three locations and a transfer analysis is done to check for voltage violations. The voltages 
at 345 kV and 161 kV are monitored. Any post-contingency voltage below 0.9 is considered 
a criteria violation. The contingencies considered are the loss of any 345 kV line on the 
West to East path.  
The following PV curve demonstrated the limit obtained. The maximum power 
transfer is obtained with two units on at each location. At a transfer level of 756 MW, 
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instability is seen. Thus, no more than 250 MW at each location and hence 750 MW total 
can be accommodated with the current system. 
The monitored bus where the voltage violation occurs is a 161 kV bus off one of 
the buses in the import region. The bus is off the import region bus CD1. The critical 
contingency in this case is the loss of the line from AB 16 to AB 19. This results into loss of 
a source into the lines feeding the import bus CD1. This causes post contingency voltage to 
deteriorate for this contingency. 
 
Figure 58 : Phase 1 - Power Transfer Margin with all 3 regions at 100% 
 
Figure 58 above indicates the voltage profile at the bus East Calmsy.  It is evident 
that at a power transfer level of 750 MW the voltage at the bus goes below 0.9 p.u. The PV 
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analysis also shows that the powerflow does not converge beyond the 750 MW transfer 
level.  
5.4 Wind Phase 2 
 The analysis carried out in section 5.3 is repeated for this section. The impact of 
the additional transmission on the deliverability is studied. No additional reactive power 
reinforcements are made. In this case the entire power from the three locations is 
deliverable. The total power transfer margin in this case is 1325 MW. 
The voltage violation occurs on the bus Galesbr5. This bus is a 161 kV bus off 
AB21. The critical contingency here is the loss of the line from AB 20 to AB 21. This direct 
loss of source to AB21 results in the low voltage at the lower kV bus.  
In figure 59 the voltage profile at the monitored bus is plotted with respect to the 
power transferred from the wind parks. With the reinforced transmission system an 
additional 600 MW of power can be transferred. The critical contingency and the critical bus 
are different from the ones in Phase 1.   
Again, the voltage violation occurs much before any thermal violations. Thus 
adding reactive power devices near the border and closer to the load center will help deliver 
more power to Illinois. 
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Figure 59 : Phase 2 - Power Transfer Margin with all 3 regions at 100% 
5.5 Impact of Capability Curve at Low Wind Levels 
Finally, the impact of using a wind park with low wind speeds to provide reactive 
power is analyzed. Since the wind parks are very distant from the load center, and the power 
flow from the wind parks to Chicago passes through the load pocket in central Iowa the 
additional reactive power does not help increase the transfer margin significantly. The only 
wind park that has some significant impact is the wind park at location 2. This wind park’s 
reactive power contributes to the power transfer margin because it lies on the path of the 
power coming from wind region 3. Again the critical contingency is the loss of AB 16 to 
AB 19. The low voltage bus is the same bus seen in section 5.3.  
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The two wind parks at region 1 and region 3 are used to transfer power to the load 
pocket. Figure 60 demonstrates the PV curves plotted for the critical bus at East Calmsy. 
Two curves are plotted. The red plot is with the wind park at Region 2 off and the black plot 
is with the wind park producing reactive power. Both the plots violate the minimum voltage 
around 750 MW. But the system without the wind park at region 2 is closer to instability. 
The nose point for the case with the wind park producing reactive power is 80 MW higher 
than the case with the wind park at region 2 off. 
 
 
Figure 60 : Comparison of Power Transfer Margins with/without Region 2 
Providing Reactive Power 
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5.6 Summary of Results 
In the above analysis the impact on system voltage performance is analyzed when 
large scale wind generation is transferred from Western Iowa to Illinois. The maximum 
power is determined with and without transmission reinforcement. It is seen that the real 
bottle neck for the west to east power transfer is at the IA/IL border and more 
reinforcements are needed in that region before more wind can be exported.  
The reactive capability of the wind park does not play a big role in increasing 
power transfer capability. A major reason for this is the distance of the wind farms from the 
load center and the transmission bottle neck. The way the Iowa system is poised the 
presence of the central Iowa load center prevents the reactive power from the wind park to 
help the voltage issues at the IA/IL border.  
The wind farms closer to the IA/IL border will play a greater role in increasing 
transfer capability. In the above analysis only the new wind added is used for reactive power 
support. Since it is difficult to determine the location of the existing wind farms with respect 
to the grid and the west to east 345 kV corridor, they could not be used to determine the 
enhanced performance.   
 
 
 
 
 
 
 
94 
 
CHAPTER 6: CONCLUSIONS 
6.1 Summary of Work 
A DFIG capability curve is developed for a 1.5 MW machine. The development 
of the capability curve is detailed in chapter 2. The DFIG machine in voltage control mode 
has significant reactive power capability, which can contribute to improved system 
performance.  The FERC mandated requirement of maintaining power factor at the 
interconnection restricts the wind park from maximizing its contribution to improved 
voltage performance. DFIG wind parks implementing capability curve control may 
substantially reduce system losses, especially at low plant output levels. The additional 
reactive capability leads to larger power transfer capability in the system. 
In chapter 3, a novel voltage stability assessment tool that incorporates wind 
variability is developed. The technique developed is general and is applicable for any type 
of wind generation technology. The traditional methodology of drawing PV curves to assess 
static voltage stability margin is modified to address the intermittent nature of wind energy. 
Given a range of wind variability, the developed tool calculates sets of PV curves plotted 
along parallel planes, thus giving a three-dimensional VSROp.  
The tool is used to determine the VSROp for a 23-bus test system. It is then 
utilized to compare the effect of utilizing the DFIG capability curve over the FERC-
mandated ±0.95 power factor requirement. The results demonstrate that restricted power 
factor operation could lead to an overly conservative estimate of the power transfer 
capability of the system, while use of the capability curve causes a substantial increase in 
the power transfer capability of the system. Also, the results demonstrate that the redispatch 
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strategy chosen to dispatch against wind is an important factor in determining system 
voltage stability margins. The critical contingency on the system is shown to vary with 
varying wind levels.  
In chapter 4, a large system implementation of the DFIG capability curve for an 
off shore wind farm is carried out. The steady state and dynamic analysis indicate that the 
additional reactive capability at low wind levels helps alleviate voltage margin issues in the 
coastal load pocket and also helps serve peak load periods by providing reactive support. 
The employing of capability curve makes a strong case for wind integration by reducing the 
reliability impacts of variable wind.  
In chapter 5, the Western Iowa high wind pocket and the ability to export power 
from that pocket to the east is analyzed. The transmission bottleneck is determined to be 
distant from the wind generators, and thus the additional reactive capability does not help 
improve the power transfer capability. But if the wind units were on a more direct path into 
the load center, especially in the form of a high kV line from wind parks to the load centers, 
like the Green Power Express, the impact of the capability curve would be higher.  
6.2 Significant Contributions 
Large scale penetration of wind energy in the system raises significant concerns 
regarding the reliability implications of large scale variable generation. The work presented 
in this thesis provides a methodology to utilize the capability curve of the DFIG machine to 
enhance the voltage performance of the system. By utilizing wind parks as reactive sources 
during low wind periods can facilitate maintaining balanced system voltages.  Not all wind 
parks will provide a significant impact, but any wind park that has direct access to load 
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centers or is on a transmission path carrying large amounts of power; will provide a 
substantial system performance improvement.  
Since the general trend for on shore wind is having low wind centers closer to 
load and high wind regions away from load, the wind parks closer to the load centers can 
facilitate more power from the remote high wind areas to access the load pockets. This 
allows for maximum utilization of the transmission system built for large scale wind 
integration. An example for this can be seen by considering a wind park close to the load 
center. During periods of high wind at the wind park closer to load, it will provide real 
power to the load center. When the wind park close to the load has low wind levels, it will 
provide reactive power which will facilitate maximum transfer of power from the distant 
wind generation. Since the general trend is that remote wind parks have better capacity 
factors, there is a high probability that when the wind park close to the load is having low 
power outputs, the remote wind park will tend to have better wind levels. 
In the case of off shore wind parks, their proximity to load pockets makes the 
ability to provide reactive power to the load pockets a significant benefit in terms of 
reliability improvement.  
Finally, the VSROp methodology is a general method to analyze systems with 
large scale wind penetration and determine the susceptibility of the system reliability to 
wind variability. The methodology helps assess if a particular redispatch strategy will 
adversely impact the system reliability, if the wind ramps up or down. The work 
demonstrates that the critical contingency and the transfer margin vary with the wind levels 
on the system. Also the variation in transfer margin is not monotonic, and the system 
topology and generator levels will impact the variation in transfer margins. This tool 
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provides a simplified method to obtain a secure region of operation, which can be a useful in 
an operations environment. 
6.3 Future Scope 
The above work demonstrates the positive impact that utilizing the capability 
curve of wind parks has on the voltage performance of a power system. The additional 
benefit is especially amplified for those wind parks that are in close proximity to load 
centers.  
With a large number of conceptual transmission networks being suggested to 
deliver wind from the central part of the United States to the load centers in the Eastern part 
of the country, a number of questions come up regarding the level of utilization of these 
transmission lines and the associated costs of building these lines. An alternative would be 
to plan the transmission along a string of wind parks. The wind parks closer to load can 
serve the load when they have high wind speeds, and during low wind periods the reactive 
support provided by these close to load wind parks will allow the remote wind parks to 
deliver power to the load. From the load’s perspective the transmission corridor will be like 
a constant source of power. This new philosophy can lead to sharing of the transmission line 
cost by all the wind parks along the corridor and helps handle the wind variability aspect 
effectively. 
The analysis in section 5 is restricted to a steady state analysis. To make a more 
complete assessment of the deliverability of the wind from western Iowa to the Chicago 
load pocket, the steady state analysis should be backed up with dynamic simulations.  
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The VSROp is a useful tool for large practical systems. But to accurately carry 
out the analysis detailed information of the reserve generator’s location and their capacities 
must be available. With the deregulated market environment, even though the large system 
data was available, the details of the generating units on the system, in terms of their fuel 
type and ramp rates are not available.  
With the limited data available, a VSROP was determined for the Midwest area of 
the power system. An attempt was made to attain maximum penetration of wind power. In 
this analysis, the location of the wind units was not chosen based on wind speeds. Any 
location on the system where wind could be integrated successfully was deemed to be a 
wind site.  
The study area constituted of 5600 buses with 11 areas. The total base case load in 
the study region is 63,600 MW with 6500 MW coming from Wind. With a given set of 50 
critical contingencies, the minimum power transfer margin possible is 300 MW. In the total 
wind region, 3000 MW is varied to determine the VSROp. To compensate for reduced 
wind, additional units are brought online. The redispatch units are distributed between the 
load pockets in direct proportion to the load in each area. The existing online units are either 
ramped up or down in totality to reflect reserves. 
The figure 61 shows the two VSROP’s for the system. In one case the capability 
curve is utilized and in the other case the restricted power factor mode is used. It can be seen 
that the capability curve gives a higher transfer margin throughout the range of wind 
variability.  It is also seen that the critical contingency varies as the wind level varies. For a 
given wind level, the choice of reactive power dispatch is a decisive factor in determining 
the critical contingency. 
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Figure 61 : Sample VSROP for the 5600 bus Study Area 
The above VSROP is just a basic implementation with the limited data available. 
Another possible analysis for VSROP is to consider large scale transmission development 
from Illinois to the Dakotas. Consider initial dispatch with all the wind in Western Iowa on. 
Then consider the reduction in wind in western Iowa with the power being picked up by the 
higher capacity wind in the Dakotas.  This would be a good way to see the impact of 
maximum utilization of transmission that is built to deliver wind.  
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